Excitotoxicity plays a critical role in neurodegenerative disease. Cytosolic calcium overload and mitochondrial dysfunction are among the major mediators of high level glutamate-induced neuron death. Here, we show that the transient opening of mitochondrial permeability transition pore (tMPT) bridges cytosolic calcium signaling and mitochondrial dysfunction and mediates glutamate-induced neuron death. Incubation of the differentiated motor neuron-like NSC34 D cells with glutamate (1 mM) acutely induces cytosolic calcium transient (30% increase). Glutamate also stimulates tMPT opening, as reflected by a 2-fold increase in the frequency of superoxide flash, a bursting superoxide production event in individual mitochondria coupled to tMPT opening. The glutamate-induced tMPT opening is attenuated by suppressing cytosolic calcium influx and abolished by inhibiting mitochondrial calcium uniporter (MCU) with Ru360 (100 µM) or MCU shRNA. Further, increased cytosolic calcium is sufficient to induce tMPT in a mitochondrial calcium dependent manner. Finally, chronic glutamate incubation (24 hr) persistently elevates the probability of tMPT opening, promotes oxidative stress and induces neuron death. Attenuating tMPT activity or inhibiting MCU protects NSC34 D cells from glutamate-induced cell death. These results indicate that high level glutamate-induced neuron toxicity is mediated by tMPT, which connects increased cytosolic calcium signal to mitochondrial dysfunction.
Introduction
Glutamate is the most abundant excitatory neurotransmitter in the nervous system of vertebrates and critically participates in the normal function of neurons, especially the cognitive functions such as learning and memory (Meldrum, 2000) . Excessive glutamate in synapses, however, can induce neuron dysfunction and death, termed excitotoxicity, which contributes to aging-related neurodegenerative diseases, including Alzheimer's disease and amyotrophic lateral sclerosis (ALS) (Coyle and Puttfarcken, 1993; Dong et al., 2009; Nunomura et al., 2001) . ALS is a fatal motor neuron degenerative disease with complicated etiology that involves genetic and none-genetic factors (Turner et al., 2013) . High levels of glutamate were found in the serum and spinal fluid of ALS patients (Al-Chalabi and Leigh, 2000) and a compound that facilitates glutamate uptake from the synapses has been approved by FDA for ALS treatment (Azbill et al., 2000; Liu et al., 2011; Rothstein, 1996) . Therefore, it is generally agreed that excessive glutamate contributes to motor neuron death in ALS.
Activation of glutamate receptors increases cytosolic calcium (Ca 2+ ), which may lead to cell dysfunction and neuron death (Choi, 1990; Manev et al., 1989; Murphy and Miller, 1989; Stout et al., 1998) . One of the downstream effect of increased cytosolic Ca 2+ is mitochondrial Ca 2+ uptake and accumulation via mitochondrial Ca 2+ uniporter (MCU), which has been associated with glutamate-induced neuron death (Duan et al., 2007; Qiu et al., 2013) . Another mediator of glutamate toxicity is oxidative stress (Simpson et al., 2003) . Glutamate may affect intracellular redox balance or promote mitochondrial reactive oxygen species (ROS) production (Simpson et al., 2003) . It would seem logical that mitochondrial Ca 2+ overload damages mitochondrial function leading to decreased respiration, membrane depolarization and ROS production (Adam-Vizi and Starkov, 2010; Mehta et al., 2013) . However, mitochondrial Ca 2+ is an essential stimulator of respiration, which is the major source of ROS in cells. Thus, a causal link between mitochondrial Ca 2+ and oxidative stress is elusive (Adam-Vizi and Starkov, 2010; Pivovarova and Andrews, 2010) . A recent study showed that mitochondrial Ca 2+ may attenuate oxidative stress by reducing mis-folded superoxide dismutase 1 (SOD1) (Parone et al., 2013) . Taken together, the interplay among cytosolic Ca 2+ , mitochondrial Ca 2+ and mitochondrial dysfunction in glutamate-induced neuron toxicity is complicated and not fully understood (Duan et al., 2007) .
Mitochondrial Ca 2+ plays multiple roles in cell physiology and pathology (Martin, 2012; Nicholls, 2009) . Mitochondrial Ca 2+ critically regulates energy metabolism by stimulating the activity of TCA cycle enzymes and electron transport chain (ETC) complexes (Griffiths and Rutter, 2009 ). However, Ca 2+ overload is often detrimental and links to mitochondrial dysfunction (Duchen, 2012; Feissner et al., 2009; Vay et al., 2009 ). An emerging view of mitochondrial Ca 2+ homeostasis is that mitochondria undergo transient permeability transition pore (tMPT) openings, which can be triggered by Ca 2+ and serves to release excessive Ca 2+ from mitochondrial matrix (Elrod and Molkentin, 2013; Ichas et al., 1997; Petronilli et al., 1999) . We recently determined a novel role of tMPT, which is to stimulate ETC activity to generate bursting superoxide in individual mitochondria, termed superoxide flashes Wang et al., 2008; Wei-LaPierre et al., 2013) . Importantly, these tMPT-induced superoxide flashes are physiological events. However, excessive activation of tMPT may play a role in pathology Hou et al., 2013a; Shen et al., 2014; Wang et al., 2008) . Given the above interplay among mitochondrial Ca 2+ , tMPT and ROS production (Brookes et al., 2004) , we hypothesize that activation of glutamate receptors stimulates mitochondrial Ca 2+ uptake, which triggers tMPT in single mitochondria. Excessive and prolonged activation of tMPT may lead to oxidative stress and neuron death.
To test this hypothesis, we treated NSC34 D cells, a motor neuron-like cell line, with a moderate-to-high level of glutamate (1 mM) for up to 48 hr. tMPT activity was monitored by superoxide flash events in individual mitochondria of intact cells. We found that glutamate treatment acutely and persistently increased single mitochondrial tMPT opening probability in a mitochondrial Ca 2+ -dependent manner. Prolonged activation of the mitochondrial tMPT impaired mitochondrial function, caused oxidative stress and induced neuron death.
Materials and Methods

Neuron culture, differentiation and gene transfer
The motor neuron-like cell line, NSC34 cells, which were the hybrid cell line produced by fusion of neuroblastoma with mouse motoneuron-enriched primary spinal cord cells, were kindly provided by Dr. Neil Cashman (University of British Columbia) and were cultured in DMEM medium (Invitrogen) supplemented with 10% FBS, 1% penicillin-streptomycin, and L-glutamine. To differentiate NSC34 to NSC34 D , NSC34 cells are grown to 70% confluence, and medium changed to: DMEM (50%) + Ham's F12 (50%, Gibco), 1% FBS, 1% penicillin-streptomycin, and 1% modified Eagle's medium nonessential amino acids (Invitrogen). This medium change has been shown to slow down cell growth and cause considerable number of cells to die 24-48 hr after the medium change (Eggett et al., 2000) . The survived cells (NSC34 D ) showed very long processes (Eggett et al., 2000) . These cells can be sub-cultured to ~3 passages. Experiments were carried out on NSC34 D cells, which showed long processes, 2 weeks after the differentiation.
Construction of recombinant adenoviral vectors containing mt-cpYFP (Ad-mt-cpYFP) has been described previously (Wang et al., 2008) . The mt-cpYFP has been shown to respond to superoxide specifically at 488 nm excitation and ratiometric measurement of bursting superoxide production events, termed superoxide flashes, in intact cells is achieved by dual wavelength excitation (488 and 405 nm) (Wang et al., 2008) . Ad-mt-cpYFP was amplified in HEK 293 cells and purified by standard CsCl gradient centrifugation followed by overnight dialysis. The concentration of virus was determined to be at ~1 × 10 11 viral particles per ml. Adv-SOD2 virus was a kind gift from Dr. John F. Engelhardt (University of Iowa) (Zwacka et al., 1998a; Zwacka et al., 1998b) . All the viruses were aliquoted and stored at −80°C. Adenovirus-mediated gene transfer was done in NSC34 D cells at a multiplicity of infection (MOI) of 10. Lentivirus containing 5 different sequences of MCU shRNA or a control scrambled shRNA (SC shRNA) were purchased from Sigma and used at an MOI of 5.
Confocal imaging of single mitochondrial superoxide flashes and whole cell Ca 2+
Confocal imaging used a Zeiss LSM 510 Meta confocal microscope equipped with a 40× 1.3NA oil immersion objective and followed a procedure developed previously (Wang et al., 2008) . To detect superoxide flashes, cells were incubated in modified KHB solutions containing 138 mM NaCl, 3.7 mM KCl, 1.2 mM KH 2 PO 4 , 15 mM Glucose, 20 mM HEPES and 1 mM CaCl 2 , pH 7.4 at room temperature and in a custom designed perfusion chamber mounted on confocal microscope stage. Dual excitation images of mt-cpYFP were taken by alternating excitation at 405 and 488 nm and collecting emissions at >505 nm. Time-lapse x, y images were acquired at 1024 resolution (x axis, y axis was adjusted according to the shape of cells, usually between 300-400 pixels, pixel size ~0.1 µm) for 100 frames and at a sampling rate of ~1 s per frame. In a subset of experiments, mitochondrial membrane potential indicator, tetramethylrhodamine methyl ester (TMRM 20 nM, Invitrogen) was loaded into cells and tri-wavelength imaging of mt-cpYFP and TMRM was taken by sequential excitation at 405, 488, and 543 nm, and emissions collected at 505-550, 505-550 and >560 nm, respectively. Digital image processing used IDL software (Research Systems) and customer-devised programs.
To monitor cytosolic Ca 2+ , we loaded cells with a fluorescent Ca 2+ indicator, fluo-4-AM (Invitrogen, 10 µM) for 30 min followed by 30 min washout. Confocal 2D images were collected by excitation at 488 nm and collecting emissions at >505 nm. The whole cell fluorescence (soma and neurites) were used.
Western blot
To detect gene expression in cultured NSC34 and NSC34 D cells, cell were harvested in lysis buffer (Cell Signaling). Protein samples were quantified by BCA assay (Pierce) and equal amount of proteins were loaded onto SDS-PAGE gel. Separated proteins were transferred to nitrocellulose membrane and probed with antibodies specific for human SOD2 (1:1000, Calbiochem), GluR2 (1:1000, NeuroMab), or actin (1:2000, Sigma). Secondary antibodies were conjugated to IRDye 800 (Rockland) or Alexa Fluor 680 (Invitrogen) and signals were visualized and quantified using Odyssey system (Licor).
Confocal imaging of mitochondrial membrane potential and oxidative stress
Mitochondrial membrane potential was determined by JC-1 (5 µM, Invitrogen), a ratiometric dye that facilitates the accurate determination of membrane potential. JC-1 fluorescence was monitored by excitation at 488 nm and emissions collected at 505-545 nm (green) and >560 nm (red). The ratio of red/green fluorescence was used to determine membrane potential, the higher this ratio the more polarized the mitochondrial membrane. To monitor mitochondrial superoxide levels, MitoSOX Red (5 µM, Invitrogen) was loaded into NSC34 D cells at 37°C for 10 min followed by washing two times. MitoSOX fluorescence was detected by excitation at 405 and 514 nm, and both emissions collected at >560 nm. To avoid saturation by excessive oxidation, all MitoSOX experiments were completed within 30 min of loading.
To determine cellular oxidation, CM-H 2 DCFDA (10 µM, Invitrogen) was loaded into cells and fluorescence monitored by excitation at 488 nm and emission collected at >505 nm. Image analysis used ImageJ software.
Cell viability assay
Trypan blue exclusion assay was used to test cell viability. Briefly, cells were incubated in trypan blue (0.2-0.4% in PBS) for 2 min at room temperature and then washed twice. Images were taken within 3 to 5 min of trypan blue washout by a light microscope with a 4× lens. At least 5 fields were counted from 1 well. Unstained cells (clear) were counted as viable and cells with blue color were damaged.
Statistics
Data are presented as mean ± SEM. One way ANOVA, and paired or unpaired Student's T test were used when appropriate to determine statistical significance among groups. A p value of less than 0.05 was deemed significant. Multiple comparisons test were performed, if ANOVA shows p <0.05.
Results
Glutamate induced superoxide flashes in motor neurons
To determine the role of tMPT in glutamate-induced motor neuron death, we used an in vitro model, in which a motor neuron cell line NSC34 was differentiated to NSC34 D cells by culturing in low FBS medium for more than 2 weeks (Eggett et al., 2000) . NSC34 D cells were more mature, exhibited neuron-like morphology with long processes, expressed glutamate receptor 2 (GluR2) and NMDA receptors (Eggett et al., 2000) , and responded to glutamate (1 mM) stimulation with a significant increase in cytosolic Ca 2+ levels (Figs. 1A-C) (Eggett et al., 2000) . The glutamate-induced elevation of cytosolic Ca 2+ was blocked by pre-incubation of glutamate receptor antagonists (Fig. 1D ). Next, this increased cytosolic Ca 2+ has two components, Ca 2+ release from intracellular storage and Ca 2+ influx across cell membrane. The latter is a major component, because removal of extracellular Ca 2+ resulted in significantly blunted cytosolic Ca 2+ increase (Fig. 1E ), while adding back Ca 2+ elevated cytosolic Ca 2+ levels (Fig. 1E) . These results indicate that the NSC34 D cells are reliable models to test the glutamate toxicity.
Next, we introduced the superoxide indicator, mt-cpYFP into NSC34 D cells (2 weeks after the differentiation) via adenovirus-mediated gene transfer (Wang et al., 2008) . Three days after the infection, a clear mitochondrial expression pattern of the indicator was observed in the soma and neurites of 100% of the neurons under confocal microscope ( Fig. 2A ). In normal cultured NSC34 D cells, discrete and transient increases in single mitochondrial mt-cpYFP fluorescence were observed by 488 nm excitation, which corresponded to superoxide flash events (Figs. 2B-C). Importantly, the moderate levels of glutamate (1 mM), which has been shown to induce 20-30% of neuron death (Eggett et al., 2000) , acutely and significantly increased the frequency and amplitude of flashes in majority of the NSC34 D cells (frequency from 5.7 ± 1.4 to 11.1 ± 2.0 flashes per 1000 µm 2 per 100 s and amplitude from 0.8 ± 0.1 to 1.1 ± 0.1, p < 0.05, Figs. 2D-F). In contrast, although undifferentiated NSC34 cells have a basal flash activity similar to that of NSC34 D cells, flash frequency in NSC34 cells was not increased upon glutamate treatment ( Fig. 2E ). The kinetics of flashes was not changed by glutamate treatment (Figs. 2G-H) and was highly comparable to the flashes found in other cell types (Wang et al., 2008; Wei-LaPierre et al., 2013) . These results suggest that glutamate specifically stimulates superoxide flashes in differentiated motor neurons.
tMPT underlay superoxide flash in motor neurons
A unique feature always accompanying superoxide flashes is the release of mitochondrial matrix molecules around 1 kd during each flash event (Hou et al., 2013b; Wang et al., 2008; Wei-LaPierre et al., 2013) , which indicates transient opening of a large and non-specific pore. In cardiac muscles and neurons, this pore is mitochondrial permeability transition pore, since inhibition of this pore attenuated flash events (Hou et al., 2012; Wang et al., 2008) . Transient opening of this pore (tMPT) is known to exist and Ca 2+ is a known activator of tMPT (Ichas et al., 1997; Petronilli et al., 1999) . To confirm whether tMPT underlies glutamate-induced flash activity in the NSC34 D motor neurons, we simultaneously monitored single mitochondrial superoxide flashes with membrane potential by TMRM, which co-localized with mt-cpYFP (Fig. 3A) . Importantly, each flash under resting condition or after glutamate treatment was coupled with an abrupt loss of membrane potential (Fig. 3B) , which is consistent with previous findings and indicates opening of tMPT (Wang et al., 2008) . Previously, we have reported variations in the recovery time course of membrane potential after the flash (Wei-LaPierre et al., 2013) , similar variations were observed in NSC34 D cells at resting condition and after glutamate treatment.
Next, we determined whether regulators of tMPT can modulate glutamate-induced flash activity. First, overexpression of SOD2 in NSC34 D cells attenuated basal flash activity and totally blocked the glutamate-induced flash activity (flash frequency for Control: 5.5 ± 1.0 and for glutamate: 10.8 ± 2.3 flashes per 1000 µm 2 per 100 s, p < 0.05; and flash frequency for Ad-SOD2: 2.0 ± 0.5 and for Ad-SOD2 + glutamate: 2.4 ± 1.0 flashes per 1000 µm 2 per 100 s, p < 0.01 versus Control, Fig. 3C ), consistent with that ROS triggers the pore opening (Wang et al., 2008) . Second, we pre-treated the neurons with a tMPT blocker, cyclosporin A (1 µM), which inhibited the known tMPT component, cyclophilin D. Cyclosporin A not only inhibited basal flash activity but also prevented glutamate-stimulated flash activity in NSC34 D cells (flash frequency for Control, cyclosporin A and cyclosporin A + glutamate: 4.6 ± 0.9, 2.4 ± 0.7 and 3.3 ± 1.8 flashes per 1000 µm 2 per 100 s, respectively, Fig. 3D ). Conversely, a tMPT activator, atractyloside, significantly increased flash activity in NSC34 D cells (Fig. 3E ). Taken together, these results support that tMPT underlies glutamate-induced superoxide flash activity in motor neurons.
Mitochondrial Ca 2+ uptake stimulated tMPT
To further elucidate the mechanism of glutamate-induced tMPT activity, we tested whether the increased cytosolic Ca 2+ played a role. First, specific antagonists of glutamate receptors, MK801 and NBQX completely blocked glutamate-induced flash activity in NSC34 D cells (Fig. 4A) , indicating that increased cytosolic Ca 2+ was involved. To directly test whether cytosolic Ca 2+ is responsible for increased flash activity, we removed extracellular Ca 2+ , which blocked Ca 2+ influx, the major component of glutamate-induced cytosolic Ca 2+ transient (Fig. 1E) . Indeed, glutamate-induced superoxide flash activity was partially attenuated by removing Ca 2+ in the solutions (Fig. 4B ), suggesting that glutamate-induced flashes largely depends on Ca 2+ influx and partially depends on Ca 2+ release from intracellular stores.
How increased cytosolic Ca 2+ triggers tMPT is further determined. Mitochondria is known to take up Ca 2+ in response to increased cytosolic Ca 2+ levels in both neurons and other excitable cells (Duchen, 2012) . Mitochondrial Ca 2+ uptake is mainly through MCU residing on the inner mitochondrial membrane (Baughman et al., 2011; De Stefani et al., 2011) . Therefore, we used a specific inhibitor of MCU, Ru360, which totally blocked the effect of glutamate on superoxide flash activity ( Fig. 4C ), suggesting a causal role of mitochondrial Ca 2+ uptake in glutamate-stimulated flashes. Moreover, lentivirus mediated expression of shRNAs targeting MCU effectively abolished glutamate-induced flash activity in NSC34 D cells (Fig. 4D) , while a control scrambled shRNA sequence (SC shRNA) has no effect on MCU protein levels, basal flash frequency and 1 mM glutamate-induced flash frequency in NSC34 D cells (Figs. 4E) . These results indicate that increased cytosolic Ca 2+ promotes mitochondrial Ca 2+ uptake via MCU and subsequently triggers tMPT and superoxide flashes.
Glutamate-induced toxicity involves multiple signaling pathways beside increased cytosolic Ca 2+ (Mehta et al., 2013) . To test whether cytosolic Ca 2+ played a major role in glutamatestimulated tMPT, we employed a pharmacological approach to specifically increase cytosolic Ca 2+ , while bypassing glutamate receptors. A23187 is a Ca 2+ ionophore that transports Ca 2+ across cell membrane. A23187 acutely induced a dramatic increase in cytosolic Ca 2+ levels in NSC34 D cells (Figs. 5A-B) , which was accompanied by significantly increased flash activity (Fig. 5C ). Further, blocking mitochondrial Ca 2+ uptake by Ru360 attenuated A23187-induced flashes (Fig. 5D ). These results suggest that increased cytosolic Ca 2+ is sufficient to induce mitochondrial Ca 2+ uptake and trigger tMPT.
Chronic glutamate treatment caused oxidative mitochondrial dysfunction and neuron death through excessive tMPT
We further asked whether activation of tMPT played a role in glutamate-induced neuron death. As chronic glutamate treatment induces neuron death, we first determined the time dependent effect of glutamate on superoxide flash activity. Superoxide flash frequency remained elevated after 24 hr of glutamate treatment and declined at 48 hr (flash frequency for Control, 24 hr and 48 hr glutamate: 5.6 ± 1.0, 10.0 ± 1.6 and 2.9 ± 0.8 flashes per 1000 µm 2 per 100 s, respectively, p < 0.05 versus Control, Fig. 6A ). The persistently increased flash activity was accompanied by increased steady state mitochondrial and cytosolic oxidation as measured by MitoSOX and DCF, respectively (Fig. 6B) , and a decline in mitochondrial membrane potential after 24 hr of glutamate treatment (Fig. 6C) . At the meantime, neuron death was significantly increased after 24 hr of glutamate treatment (Fig.  6D) . These results indicate that prolonged or excessive activation of tMPT can lead to oxidative stress, mitochondrial damage and neuron death during chronic glutamate treatment. To determine the causal role of tMPT in glutamate-induced neuron death, we pretreated NSC34 D cells with blockers of glutamate receptor, tMPT, or MCU before the chronic glutamate treatment. These blockers effectively attenuated glutamate-induced Liu et al. Page 7 Exp Neurol. Author manuscript; available in PMC 2016 September 01.
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Author Manuscript neuron death (Figs. 6E-F) , supporting a causal role of mitochondrial Ca 2+ accumulation and excessive tMPT in neuron death.
It should be noted that superoxide flash frequency was declined to below basal level after 48 hr of glutamate treatment (Fig. 6A ). An explanation of this biphasic change would be that the prolonged increase in flash activity for up to 24 hr leads to mitochondrial dysfunction as shown by mitochondrial depolarization and increased oxidative stress. We have shown that superoxide flash requires polarized mitochondrial inner membrane and intact ETC activity. Further, flash is accompanied by a mild alkalinization of the mitochondrial matrix and a decrease in NADH level and depends on intact ETC (Wang et al., 2008; Wei-LaPierre et al., 2013) . Therefore, significantly decreased flash activity at 48 hr corroborates the impaired mitochondrial respiratory function.
Discussion
In this study, we developed an approach to monitor single mitochondrial tMPT activity in cultured motor neurons and discovered a novel mechanism mediating glutamate-induced toxicity. The results indicate that glutamate induces cytosolic Ca 2+ elevation and promotes mitochondrial Ca 2+ uptake via MCU. Accumulated mitochondrial Ca 2+ triggers tMPT and bursting superoxide production in individual mitochondria. Chronic and high level glutamate treatment causes excessive tMPT and eventually leads to mitochondrial dysfunction and neuron death (Fig. 7) . Uncovering tMPT as a new mediator of mitochondrial dysfunction and neuron death may contribute to our understanding of excitotoxicity in neurodegenerative diseases.
Neuron death is a primary feature of neurodegenerative disease including ALS (Conradi and Ronnevi, 1993) . The underlying mechanism of neuron death is complicated and not fully understood. In most neurons, including NSC34 cells, glutamate-induced toxicity can occur via either an excitotoxic mechanism or an oxotoxic mechanism, which involves cysteine uptake and reduced glutathione production. Since the undifferentiated NSC34 cells do not show increased superoxide flashes upon exposure to glutamate, excitotoxicity rather than oxotoxicity may play a critical role in glutamate-induced NSC34 D cell dysfunction. The importance of excitotoxicity has been shown by other reports (Plaitakis and Caroscio, 1987; Rothstein et al., 1992; Rothstein et al., 1990) . In fact, the effective compounds for ALS, including riluzole (Lacomblez et al., 1996; Meininger et al., 1997) and ceftriaxone (Berry et al., 2013; Rothstein et al., 2005) , inhibit glutamate signaling at the agonist and receptor level, respectively. However, these drugs may also block physiological or basal glutamate signaling, which may hamper the normal functioning of neurons. In this regard, results of this study provide a novel mediator, tMPT, in the signaling pathways of glutamate, which is downstream of MCU-mediated mitochondrial Ca 2+ uptake. The data suggest that preventing excessive tMPT could be a more effective and specific approach for excitotoxicity-related neurodegeneration (Martin, 2010; Parone et al., 2013) .
Current wisdom agrees on increased cytosolic Ca 2+ as a major downstream event in glutamate-induced toxicity (Eggett et al., 2000; Pivovarova and Andrews, 2010 2000) . Recent studies have indicated that mitochondrial Ca 2+ uptake may be involved (Duan et al., 2007; Qiu et al., 2013; Stout et al., 1998) . Results from this study suggest two key events downstream of glutamate receptor activation, Ca 2+ influx and MCU mediated mitochondrial Ca 2+ uptake. First, Ca 2+ influx through cell membrane is largely responsible for elevated cytosolic Ca 2+ and superoxide flash activity, which is in line with previous studies showing Ca 2+ influx rather than Ca 2+ release from intracellular storage underlies glutamate-induced Ca 2+ elevation (Duchen, 2012) . Second, Ca 2+ influx induced by Ca 2+ ionophore effectively elevates cytosolic Ca 2+ , mitochondrial Ca 2+ uptake and superoxide flash activity. Furthermore, blockade of MCU (Baughman et al., 2011) abolishes glutamatestimulated tMPT and superoxide flash activity. Collectively, these results further delineate the sequential events downstream of glutamate receptor activation and support that MCU could be a novel target in excitotoxicity (Qiu et al., 2013) .
It should be noted that, since the superoxide indicator, cpYFP is also sensitive to pH, concerns have been raised to whether flashes are superoxide or pH in origin (Huang et al., 2011; Muller, 2009; Schwarzlander et al., 2012) . In addition, glutamate has been shown to cause intracellular acidification in hippocampal neurons due to mitochondrial calcium uptake and uncouple metabolism (Wang et al., 1994) , which may lead to alkalization of the mitochondrial matrix. We have recently shown that, while the majority of cpYFP signal during a flash is superoxide, a mild alkalization and a decline in NADH autofluorescence accompany each superoxide flash event (Wei-LaPierre et al., 2013) . This strongly supports that increased electron flow and proton pumping through ETC accompany the flashes. Despite debates over the signals detected during flash, agreement has been reached over the trigger of flash by a sudden increase of the inner membrane permeability that is reflected by loss of membrane potential. In this reports, we further show that mitochondrial Ca 2+ is an essential regulator of flash events, consistent with the modulation of tMPT by matrix Ca 2+ .
Recently, tMPT and superoxide flashes have been shown to participate in neural progenitor cell proliferation and differentiation (Hou et al., 2014; Hou et al., 2013b; Hou et al., 2012) .
Here, we further show that tMPT, if activated excessively, could be detrimental to the differentiated motor neurons. Since flash activity is increased right after glutamate treatment and up to 24 hr, while oxidative stress, mitochondrial dysfunction and cell death are observed at 24 hr, it is likely that increased superoxide flash may contribute to a gradual buildup of oxidative stress, which eventually depolarizes mitochondria and induces mitochondrial dysfunction and cell death. In addition, flash frequency is diminished at 48 hr after glutamate treatment, suggesting mitochondrial respiration is impaired or the pore is permanently opened at this late stage. Therefore, mitochondrion is not only the receiver and executor but also the target of excessive glutamate-induced toxicity. How and when this dissociation of flash activity and oxidative stress happens and whether a critical checkpoint exists during this transition are interesting questions for future studies.
In conclusion, we discover an intracellular signaling pathway centered on mitochondria that mediates glutamate-induced toxicity in neuron-like cells. Real time monitoring of single mitochondrial tMPT and ROS production events provide a unique approach to investigate the role of mitochondria in live cells. The spatiotemporal regulation of single mitochondrial tMPT events is an initial response of motor neurons to glutamate, which overtime causes oxidative neuron death. Mitochondrial Ca 2+ uptake via MCU critically regulates tMPT activity. Targeting tMPT and its regulators, such as MCU and tMPT blockers, may effectively ameliorate excitotoxicity.
Research Highlights
• Glutamate elevates cytosolic Ca 2+ in NSC34 D cells mainly through Ca 2+ influx.
• Glutamate-induced mitochondrial Ca 2+ uptake through MCU.
• Mitochondrial Ca 2+ triggers transient permeability transition pore (tMPT) opening.
• tMPT is coupled to bursting superoxide production in NSC34 D cells.
• Prolonged activation of tMPT leads to cell death in NSC34 D motor neuron-like cells. Schematic model showing the mitochondrial Ca 2+ -tMPT-superoxide flash pathway that underlies the effects of glutamate in motor neurons. Glutamate elevates cytosolic Ca 2+ , which promotes mitochondrial Ca 2+ uptake to trigger tMPT opening and the bursting superoxide flashes. Under physiological conditions, this pathway is likely transiently activated. Under pathological conditions, chronic or high level of glutamate may significantly activate this pathway and lead to oxidative stress, mitochondrial dysfunction and neuron death. 
